Alzheimer's disease (AD) is a neurodegenerative disease, which affects millions of people worldwide. Curing this disease has not gained much success so far. Exhaled breath gas analysis offers an inexpensive, noninvasive, and immediate method for detecting a large number of diseases, including AD. In this paper, a new method is proposed to detect butylated hydroxytoluene (BHT) in the air, which is one of the chemicals found in the breath print of AD patients. A three-layer sensor was formed through deposition of a thin layer of graphene onto a glassy carbon substrate. Selective binding of the analyte was facilitated by electrochemically initiated polymerization of a solution containing the desired target molecule. Subsequent polymerization and removal of the analyte yielded a layer of polypyrrole, a conductive polymer, on top of the sensor containing molecularly imprinted cavities selective for the target molecule. Two sets of sensors have been developed. First, the graphene sensor has been fabricated with a layer of reduced graphene oxide (RGO) and tested over 5-100 part per million (ppm). For the second batch, Prussian blue was added to graphene before polymerization, mainly for enhancing the electrochemical properties. The sensor was tested over 0.02-1 parts per billion (ppb) level of concentration while the sensor resistance has been monitored.
Introduction
Alzheimer's disease (AD) is the sixth cause of death in the USA. In 2016, the cost of AD was evaluated as 236 billion dollars [1] . It is known by a decline in memory, language, problem solving, reasoning, planning, and other thinking and cognitive skills. It happens when the neurons in the brain are damaged or destroyed, so data process and transmission in the brain will be spoiled. Later, by spreading the disease in the brain, the patient will not be able to perform daily activities such as walking or eating [1] . The diagnosis procedures usually take so long. It starts with the evaluation of patient's cognitive ability and reviewing medical history. It continues with lab tests and imaging techniques to visualize the damaged brain tissue [1] . When the damaged tissue is clearly observed by MRI and CT, it is too late to cure the disease since the patient has already lost part of the brain tissues. Researchers have shown that AD starts years, if not decades, before it is diagnosed [2] . The sooner the disease can be diagnosed, the better treatment options can be provided.
Amyloid beta (Aβ) is a peptide known as the biomarker of AD. Aggregation of Aβ in the brain is thought to initiate neurotoxic phenomenon, including neuron inflammation and synaptic and neuronal loss [3] . Destroying the already developed and/or stopping the development of Aβ in the brain are the best options [4, 5] , but it has not gained much success. Some researchers tried to detect Aβ in cerebrospinal fluid (CSF), blood, and exhaled breath and correlate it with AD. It has been shown that Aβ is existed in CSF and in less concentration in blood of AD patients [6, 7] . Bach et al. [8] tried to detect Aβ in the exhaled breath with enzyme-linked immunosorbent assay (ELISA). However, they found a higher level of Aβ in the healthy control's breath. Besides, researchers found a relationship between Aβ with narcolepsy, a sleep disorder. They detected lower CSF Aβ 42 levels in the whole narcolepsy group with respect to controls [9] .
It was first found by Greek scientists that human breath provides clues into the physiological status of the body [10] . Human breath is mainly composed of nitrogen, oxygen, carbon dioxide, and hydrogen [11] . VOCs are organic chemicals with high vapor pressure (at room temperature), that, along with inert gases, forms less than 1% of the exhaled breath. From the physiological point of view, the exchange of blood and the air in the alveolar leads to transferring chemicals in the blood, which was formed during metabolism inside the body, to find a way to the exhaled breath. Thus, measurement of VOCs in the breath can provide a window into the biochemical processes of the body. A growing number of studies tried to demonstrate the correlation of VOCs and neurodegenerative diseases, including AD and PD [12] . Using gas chromatography and mass spectroscopy and comparing the breath print of the healthy people to AD patients, the list of additional chemicals was found [13, 14] . Butylated hydroxytoluene (BHT) was listed as the chemical found in the breath print of AD and PD patients [15] . BHT is an aromatic benzene ring derivation that is known for its antioxidant properties. In this paper, we report fabrication and testing of two sets of the electrochemical gas sensor, which can sense butylated hydroxytoluene in the air. The proposed sensors are composed of three layers: glassy carbon electrode (GCE); graphene (GR) or graphene-Prussia blue (GR-PB); and molecular imprinting polymer (MIP). Figure 1 shows the schematic diagram of both sensors.
Glassy carbon is an advanced material of pure carbon combining glassy and ceramic properties. Its high purity, extreme corrosion resistance, impermeability to gas and liquid, high strength, high-temperature resistance, low oxidation rate, and high chemical inertness make it suitable to be used frequently as electrode [16, 17] . Graphene is a 2D material known for its unique electrochemical and structural properties. One atom thick graphene has high thermal and electrical conductivity, chemical stability, high specific surface area, and excellent room temperature carrier mobility.
These peculiar properties have highlighted the potential of applying this material in a variety of applications, such as electronics, sensors, catalysis, energy-storage devices, and drug delivery. Its two-dimensional nature leads to a high affinity between graphene and the MIP components and makes it suitable for electron transfer between the two layers. The gas-sensing mechanism of graphene is generally described as electron donors or acceptors. This causes a change in the conductance of graphene. So layers of GR have been used to modify the surface of the electrode to improve the electron transfer [18, 19] . Prussian blue (PB, ferric ferrocyanide), formula Fe 4 [Fe(CN) 6 ] 3 , is a microcrystalline blue powder. It is an inorganic conductive material that exhibits high electrocatalytic activity and improves the electrochemical sensitivity [20] . It has been extensively studied for its attractive electrochemical properties and wide applications in the field of sensors. In many cases, PB has been used as a mediator with graphene. Combination of GR and PB lead to a synergistic effect that can help the electron transfer [21] .
Cyanide ion is very stable at room temperature, and the concentration of free Fe +2 ions is negligible. However, in acidic media (pH = 1.7), Fe +2 will release from cyanide and it is then oxidized to Fe
+3
. The released electrons together with H + would react with oxygen-containing groups on GO, leading to the partial reduction of GO to rGO at room temperature. In the meantime, Fe +3 ions interacted with With the existence of cyanide, they form PB cubes [22] . At the pH 1.7, the acid is not strong enough to form cyanide acid, but for precautions, it is recommended to do the procedures under the hood, respirator, and so on. Table 1 summarizes the PB-GR sensors, which were used for sensing purposes and include the range and limit of detection [21] .
Molecular imprinting is a technique to polymerize around a template molecule and remove the template after polymerization. It leaves cavities with the exact size and shape of the template in the polymer matrix [23] . Three key elements in molecular imprinting technique are the target molecule (or template), which is what is being sensed; the functional monomer which is a compound having chemical and shape complementarity to the template and will help the polymerization to form the polymer matrix; and the cross-linking agent (or cross-linker) that is a multifunctional molecule containing two or more reactive split ends able to interact via chemical bound [24] . The size and shape of the cavity allow the target molecule or similar molecules to occupy the cavity, but the functional monomer orientation just allows binding with the template molecule [23] . Figure 2 represents the MIP process.
Besides the size, shape, and orientation of functional monomers, the selectivity of MIP to the target molecule is performed by the covalent or noncovalent bonding happens between the template molecule and the polymer matrix [25] [26] [27] . In this case, hydrogen bonding between the BHT molecules and the polymer polypyrrole is formed. Molecular imprinting enables the creation of stable and selective "artificial receptors." It utilizes associative self-assembly between target analytes and material precursors to create a molecular "lock and key" architecture within an electrochemical sensor for ultrasensitive and selective detection. MIPs are also cost-effective, robust, long-term stable, and are able to self-recover. Selectivity of MIP has been reported frequently. Dickert et al. [28] reported that MIP could recognize molecular shapes: the lean toluene is favored by factor of six to the more bulky o-xylene; even the three xylenes can be distinguished from each other.
Examples of common sensors for chemical sensing include surface acoustic waves (SAWs), quartz microbalance (QMB), and gold nanoparticles. SAW is elastic waves propagating along the surface of an elastic substrate, whose amplitudes decay exponentially with the substrate depth. The change in gas concentration results in a change in the mass and leads to an electrical conductivity shift of the chemical interface. These changes influence the SAW amplitude and the phase velocity [29] . These sensors need a concentration calibration. Besides, the sensor response is not instant. In QMB sensors, a slight mass change on the quartz surface results in a frequency change of the electrical output signal of the oscillator circuit, at which each sensor is connected [30] . The problem with QMB sensors is that the molecules with the same mass can confuse the sensor and make the same resonance frequency. Besides, the retention Other molecules in the environment Figure 3: The mechanism of the sensor is depicted. Among different molecules in the environment, only the template molecule can be absorbed in the molecular imprinting polymer (MIP) layer. When the template molecule is trapped in the MIP layer, an extra electron is transferred to the graphene layer, which will cause resistance change. 3 Journal of Sensors time can take up to several minutes and the sensitivity of the sensor is poor. Functionalized gold nanoparticles (GNPs) on field effective transistor are an electrical device that can act as a switch or can sense the gate resistance by applying an electric field to the source and the drain. It has been used to detect chemicals by adding reactant elements on the gate that can absorb the desired chemical [31] . However, the problem with FET sensors is that it cannot absorb large chemicals. Besides, different molecules with the same reactant can mislead the sensor. MIP sensors compared to the similar ones have huge advantages, as the molecules with the same mass or chemical properties cannot mislead the sensors, they sense instantly and they can sense a variety of molecules from small to very large. This type of sensor includes a sensing circuit configured to detect and report resistance change in the layer of MIP. The binding of the target molecules causes the resistance change to the MIP. The sensing mechanism of this sensor has been depicted in Figure 3. 
Materials and Methods
Two sets of electrochemical sensors were fabricated. The fabrication steps are the same, except that for the GR-PB sensor, additional steps for preparation of PB are needed. The materials and equipment are listed below: 2.1. Chemical and Equipment. Glassy carbon plate was purchased from Alfa Aesar (MA, USA). Hydrazine hydrate, phosphate buffer solution, pyrrole, graphene oxide, and butylated hydroxytoluene were obtained from SigmaAldrich (MO, USA). All the solutions were prepared with deionized (DI) water.
Potentiostat model Solartron SI 1287 was used to conduce the cyclic voltammetry. The potentiostat potential range was from −14.5 V to 14.5 V, and the sweep rate was from 6 mV/min to 6000 V/min. Electrochemical measurements were carried out with a three-electrode system consisting of a platinum wire as the auxiliary electrode, a KCl saturated Ag/AgCl reference electrode, and modified glassy carbon as the working electrode. Ultrasonicator XL 2120 and centrifuge Legend X1R were used for homogenizing and distillation of the graphene solution. The spectroscopy was done with Raman Horiba HR800.
Graphene Synthesize.
Reduced graphene oxide (RGO) was synthesized from graphene oxide (GO) based on Hummer method [32] [33] [34] [35] . In brief, the GO (500 mg) was dispersed in deionized water (500 mL) followed by ultrasonication. After that, 2 mL of hydrazine hydrate was added to the above dispersion. The obtained solution was stirred at 100°C for 24 h [23] ; the resulting mirror-like graphene dispersion was filtered with 0.22 μm pore size filter and washed with deionized water several times. Finally, a gray layer was obtained. Figures 4(a) and 4(b) show the procedure of obtaining reduced graphene oxide from graphene oxide.
GR-PB Preparation.
Preparation of PB was according to the literature [22, 36] . First, 2 mg of the produced GR was added to 2 mL of deionized water and ultrasonicated to obtain a homogenous black solution. The solution Figure 4 depicts the procedures for obtaining GR-PB from GO.
Fabrication of MIP.
The glassy carbon electrode (GCE) was washed and then activated by applying a pulse voltage +1.6 and −1.6 V versus Ag/AgCl for 60 seconds each [23, 37] . The response in current is shown in Figure 5 . The activation process was done in phosphate buffer solution (pH 6.8) using a three-electrode system, with the glassy carbon electrode as the working, Ag/AgCl as the reference, and platinum as the auxiliary electrode. A large current response occurs when the potential changes to −1.6 V indicative of a reductive process of the GCE. Then, it was left to dry overnight. The GCE surface was modified by adding 2 mg of the GR-PB powder dissolved in 2 mL of DI water. It was stored overnight. A solution of 1 L phosphate buffer solution containing 0.09 BHT and 6.937 mL of pyrrole was stirred for 2 h (pH 6.8, adjusted with HCl) to be used for cyclic voltammetry (CV). The cyclic voltammetry to deposit the polymer was carried out for 20 cycles with a scan rate of 50 mV/s, from −0.35 to +0.85 V versus Ag/AgCl. The resulting CVs are shown in Figure 6 . The CV without PB is highly capacitive. After the polymerization process, the sensor was washed with ethanol and left to dry overnight.
Results

Graphene Characteristic.
Raman spectroscopy is often used in chemistry to provide a structural fingerprint by which molecules can be identified. It has been applied to identify the produced RGO structure. Figure 7 shows the results.
From Raman analyst, the D band is strong, which indicates the graphene has some defect. The full width at half maximum of the 2D band is about 80, and the intensity ratio of G/2D is more than 1, which shows that the graphene should be multilayer graphene, between 6 and 10 layers.
Testing Chamber.
A sealed chamber was fabricated for the gas testing. It was made of polycarbonate 0.5-inch thick and the volume of the chamber was almost 0.5 m 3 . The solid vapor pressure of BHT was simulated with ASPEN software. Based on the software results, a specific amount of solid BHT was left inside a syringe to evaporate. The vapor was then injected into the chamber and the sensor was given time to reach to steady state before reading the resistance.
3.3. SEM Images. SEM images have been taken after removal of the templates for both sensors. The lighter color molecules on the top represent the MIP molecules. These images clearly show that GR-PB sensor has a more porous surface on top compared to GR sensor, which can lead to absorbing more template molecules. Figure 8 shows the SEM images of GR and GR-PB sensors. Furthermore, the GR-PB sensor has a 
Testing Results
. The GR sensor was tested in the range of 5 to 100 ppm, and the GR-PB sensor was tested over the range of 0.02 to 1 ppb. For each measurement, a syringe of a specific vapor of BHT was injected into the chamber and it was left to reach equilibrium, while the resistance was monitored. Both sensors have almost linear behavior. The results show that Prussian blue has a huge impact on the limit of detection of the sensor. Furthermore, PB increased the sensor resistance (in the absence of any chemical), which made it easier to monitor in case of a small resistance change. The results are shown in Figure 9 . In the middle of the GR-PB sensor testing, the vacuum was purged into the chamber and it slowed down the resistance change. Normalized resistance was calculated based on R − R 0 /R 0 × 100. Figure 10 shows the behavior of the sensor at the time of exposure. One-tenth mole of solid BHT is placed inside the sealed chamber, while the resistance was monitored. After one minute, the solid BHT was removed from the chamber Journal of Sensors and as shown, it took a few seconds for the sensor to remain back to its resting resistance. The vapor pressure of 0.1 mole BHT inside the chamber was 500 ppb; however, the time is so limited so it could not reach the equilibrium. Before starting the test, the stability of both sensors was evaluated. The resistance of the sensors was monitored for 15 hours inside the sealed chamber in the absence of the BHT. A negligible change was observed for both sensors during the monitoring time. So the authors concluded that both sensors are stable. The results are shown in Figure 11 .
Discussion
Both sensors have been tested for sensitivity toward water vapor and nitrogen since these are the two main components of the exhaled breath. Pure nitrogen has been pumped to the sealed chamber and the sensors' response was monitored for 10 minutes. The same experiment was done for water vapor. A beaker of 300 ml boiling water with a heater was placed inside the chamber, while the resistance was monitored for 10 minutes. Since no changes in the resistance were observed, so it can be suggested that the sensors were not sensitive to nitrogen or water vapor.
The proposed PB-GR sensor is super sensitive as its limit of detection is 0.02 ppb. It is the most sensitive sensor reported so far. The concentrations of VOCs reported in the AD patients print are in the range of 1-20 ppb [15] , so our proposed GR-PB sensor is capable of sensing the BHT in the exhaled breath of AD patients. These gas sensors are very selective and similar molecules cannot mislead them. The fabrication steps are straightforward and can be done in a week. These low-cost sensors can be used repeatedly after being washed with ethanol.
Conclusions
Two electrochemical sensors have been fabricated to sense BHT in the air at ppm and ppb levels. The graphene sensor was tested at ppm level and the graphene-Prussian blue sensor was tested at ppb level. BHT was detected at a very low concentration, less than 20 ppb, the target range for sensing it in the exhaled breath of Alzheimer's patients. The developed electrochemical sensors exhibited excellent performance such as a low limit of detection, wide range of detection, high selectivity, good stability, and easy reproducibility toward sensing BHT. The SEM imaging showed that the GR-PB modified sensor had more porous structure than the GR-modified sensor. Besides, the testing results proved that adding PB to graphene would increase the limit of detection. It is actually because the PB exhibits high electrocatalytic activity and thus improves the electrochemical sensitivity of the sensor. The high affinity between GR and PB will increase the electron transfer between the layers. In the future, this sensor can be used as an array to detect all the chemicals found in the exhaled breath of AD patients.
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